By altering the lattice geometry of the photonic crystal surface-emitting lasers (PCSELs), we tune the regular lasing band edges of quadratic dispersions to form a single accidental Dirac point of linear dispersion at the Brillouin zone center. This not only increases the mode spacing by orders of magnitude, but also eliminates the distributed in-plane feedback to enable single-mode PCSELs of substantially larger area thus substantially higher output power. The advantages of using accidental Dirac cones are systematically evaluated through two-dimensional in-plane calculations and confirmed by three-dimensional simulations of photonic crystal slab devices.
Higher power single-mode on-chip lasers with good beam qualities are of interest for many applications. While the edge emitting sources (distributed feedback lasers) suffer from catastrophic optical damage at their facets, surface-emitting sources (vertical cavity surfaceemitting lasers) are usually limited by their small cavity sizes. In both examples, the single lasing mode is selected by means of one-dimensional feedback structures. Utilizing two-dimensional distributed feedback, surface emitters have achieved broad-area single-mode operations [1] [2] [3] . In particular, PCSELs have not only achieved the highest surface-emitting single-mode power [4] but also the ability to control the shapes [5] , polarizations [6] and directions [7] of the laser beams. PCSELs are essentially the two-dimensional (2D) versions of the second-order distributed feedback lasers [8] , where the higher quality factor lasing mode is selected through the symmetry mismatch to the free-space modes [9] [10] [11] . However, the lasing areas of PCSELs are limited by two fundamental constraints. Firstly, the mode spacing decreases as the cavity area increases, which promotes multi-mode lasing. Secondly, the distributed in-plane feedback localizes the lasing fields to individual coherent sections, which promotes multi-area lasing.
In this work, we tune the regular lasing band edges of quadratic dispersions to form accidental Dirac cones [12] [13] [14] of linear dispersions. This not only increases the mode spacing by orders of magnitude but also eliminates the distributed in-plane feedback, turning the periodic index-modulated cavities into equivalent Fabry-Perot-like cavities where the modes, however, have different out-of-plane coupling losses. Both of these advantages lead to single-mode PCSELs of significantly larger areas and thus higher output powers. In the following, we systematically evaluate the advantages of using accidental Dirac cones through 2D calculations and provide consistent results of 3D slab devices. The influences of the photonic crystal (PhC) structures on the PCSELs' lasing characteristics can be accounted for in terms of the modal properties and dispersions of the corresponding passive systems [11, 15] . Thus, in this work, we focus on analyzing the passive characteristics of the PhCs.
A Dirac cone is a special dispersion relation in the band structure where the dispersion is linear and the density of states (DOS) vanishes at the Dirac point. It is well-known that pairs of Dirac cones can exist in PhCs [16, 17] . However, a single Dirac cone at the Brillouin zone center (Γ) is ideal for both vertical emission and single-mode lasing in a PCSEL. This single Dirac cone can form when the PhC is geometrically tuned so that a singly-degenerate band is accidentally degenerate with a pair of doubly-degenerate bands at Γ [12, 13] . When this happens, two of the three bands form an isotropic [18] Dirac cone and the other one is flat. Such accidental Dirac points can universally exist in PhCs of square or triangular lattices consisting of either dielectric-rod or air-hole arrays, with either high or low index contrasts.
In Fig. 1 , we obtained the single accidental Dirac cone in a 2D triangular array of dielectric rods by tuning the rod radius r, where the lattice constant is denoted by a. The calculations were performed with a unit-cell using the MIT Photonic-Bands package [19] . To show the generality of our approach, we have considered PhCs with both a high and low dielectric contrast; the di-electric contrast is high (12.5 : 1) in Fig. 1(a) and low (12.5 : 11) in Fig. 1(b) . The resulting linear dispersion of the singly-degenerate mode (red band) has DOS that vanishes linearly with frequency at the accidental Dirac point, as shown in the right plot of Fig. 1(a) . This corresponds to large mode spacings near the band edge and a high spontaneous emission coupling factor [20] . Modal profiles depicting the point group symmetry characteristic to each of the three accidentally degenerate modes at Γ are also illustrated in Fig. 1(a) . The simulations shown in Fig. 1 are 2D . However, when a 2D PhC slab is implemented using the simulations as a guidance, the modes at Γ (being above the light-line) will be able to couple to out-of-plane radiation. Only the symmetry of the singly-degenerate mode is mismatched with the free space modes [9] and so, has lower out-of-plane radiation losses (higher Q ⊥ ) than the other two modes. Thus, the band edge modes of this singly-degenerate band are the only lasing candidates within the spectral range shown in the insets of Fig. 1 (a) and (b). From now on, we only consider the modes of this singly-degenerate band.
To quantify the benefits of having linear dispersions at the lasing band edges, we first compare the band edge modes of two finite-sized 2D PhCs. One of them has linear dispersion at the accidental Dirac point, while the other has quadratic dispersion. The PhC analyzed is a triangular array of dielectric rods (ǫ rod =12.5) in air that is truncated with a hexagonal-shaped boundary of dimension L shown in Fig. 2(a) . We altered the band dispersions of the PhC by varying the rod radius r. The dispersion relations for three values of r are illustrated in Fig. 2(b) . A linear dispersion is formed when r = 0.184a while quadratic dispersions are formed at the remaining two radii. In Fig. 2(c) , the quality factors Q of the band edge modes are plotted as a function of the frequency for a cavity of L = 300a with linear dispersion (top plot) and a cavity of L = 40a with quadratic dispersion (lower plot). These results were calculated using the finite-difference time-domain (FDTD) method [21] with perfectly matched layer boundary regions. Remarkably, the 300a PhC cavity at the accidental degeneracy is found to have the same mode spacing (between the first two band edge modes) as that of the 40a cavity even though the former is 50 times larger in area. Moreover, Q of the first band edge mode in the 300a cavity (linear dispersion) is an order of magnitude smaller than that in the 40a cavity (quadratic dispersion); this is because the group velocity (v g = dω/dk) of the first band edge mode is larger in the linear dispersion case. We note that the low Q implies a weak in-plane feedback and low localization effects.
Another distinction between the cavities with linear and quadratic dispersions in Fig. 2 having the highest Q ⊥ values will lase with the lowest thresholds, because Q values increase with the cavity sizes and will not be the dominant loss mechanism in large cavities. In the upper plot of Fig. 2(d) , we compare the mode spacing as a function of the PhC area for linear and quadratic dispersions at the band edge. The data points in the figure are results obtained from FDTD calculations of the finite-sized PhC cavities. The solid lines are plotted using analytic expressions with dispersion curvatures extracted from the band structures in Fig. 2(b) . The two approaches are consistent with each other. To get the analytic behavior, we assume that the first and the second band edge modes have the same frequencies as the modes of wavevectors k 1 = π/L and k 2 = 2π/L in the infinite system, because they have similar mode profiles and boundary conditions, as shown in the lower plot of Fig. 2(c) . The band edge mode spacing is then the frequency difference between these two k-points illustrated in Fig. 2(b) . Using this approach, the mode spacing (∆ω) of a linear dispersion is found to be inversely proportional to L (∆ω = πβ/L) while the mode spacing of a quadratic dispersion is inversely proportional to
. β is the linear slope and α is the quadratic curvature of the dispersions near the band edge. These semi-analytical expressions are verified by the mode spacings from FDTD simulations shown in the upper plot of Fig. 2(d) .
The results clearly indicate that by tuning to a linear dispersion, the mode spacing can be made much larger than that in a typical PCSEL with quadratic dispersion. For instance, at L = 400a [dashed vertical line in Fig. 2(d) ], the mode spacing at the accidental point (red line) is at least 60 times larger compared to the PhC detuned from it (blue line). We note that the difference in the mode spacings between the linear and the quadratic case becomes arbitrarily large as the area increases. Equivalently, for the same mode spacing, the PhCs with a linear dispersion can be made much larger in area than those with quadratic dispersions. In Fig. 2(d) , the cavity size is increased by more than two orders of magnitude when r is tuned from 0.26a to 0.184a while maintaining the same mode spacing (∆ω/ω 0 = 1 × 10 −4 ). In the lower plot of Fig. 2(d) , we compare the inplane feedback as a function of the PhC cavity area for linear and quadratic dispersions at the band edge. We quantify the in-plane feedback strength by the inplane quality factor Q = ω 0 τ , where τ (∝ L/v g ) is the photon lifetime in the PhC cavity. v g is a constant when the dispersion is linear, and is proportional to k when the dispersion is quadratic. The above analysis on mode spacing finds that k scales as 1/L. Hence, Q should scale with L when the dispersion is linear and L 2 when the dispersion is quadratic. In Fig. 2(d) , Q calculated from finite-sized cavities agree well with the above trends, except for small structures whose modes are of k values too far away from Γ to follow the quadratic functions. Physically, the linear increase of Q with L implies that the distributed in-plane feedback in a typical PCSEL is completely eliminated at the accidental degeneracy. In other words, the PCSEL behaves like a 2D Fabry-Perot cavity where feedback only comes from its end mirrors. However, unlike typical Fabry-Perot cavities where all the modes have the same Q values, the proposed PCSELs can still select the first band edge mode to lase due to its highest Q ⊥ value. In real devices, fabrication imperfections can cause field localization effects prohibiting coherent lasing over a larger area, but those effects will be much reduced when the band edge has linear dispersion.
The above analysis thus far has considered 2D PhCs without out-of-plane radiation losses. We now consider a 2D PhC GaAs-based slab on AlAs substrate with open boundaries in the vertical directions [see sketch in Fig. 3(a) ]. Figure 3(b) illustrates its band structure near Γ when the air-hole radius is tuned to achieve an accidental degeneracy. The inset shows the corresponding Q ⊥ values of the three bands enclosed by the red box, in a small region near Γ. These calculations are performed with the finite element method using the commercially available software COMSOL. Similar to 2D PhCs, linear dispersions of two bands form in the PhC slabs when three band edges are tuned to be degenerate. The linear dispersions imply that band edge modes with both large mode spacings and low in-plane feedback can be realized. Single-mode PCSEL operation is possible because Q ⊥ diverges only for one (red) band and its Q ⊥ value drops rapidly as k deviates from Γ, as shown in the inset of Fig. 3(b) . Interestingly, if one examines very close to Γ [i.e. |k| < 0.0005(2π/a)], a very different dispersion relation exists. Such occurrence, however, does not affect the conclusion of this work and will be the subject of a different paper.
In conclusion, we have demonstrated that, compared to typical PCSELs with quadratic band edge dispersions, the formation of accidental Dirac cones of linear dispersions at Γ not only increases the mode spacing by orders of magnitude but also eliminates the distributed feedback in-plane. This overcomes two of the fundamental limitations to attaining larger-area and higher-power single-mode PCSELs.
